The thermal degradation kinetics of poly(vinyl acetate) (PVAc) and poly(ethylene-co-vinyl acetate) (EVA) copolymers in inert and oxidative conditions are modelled using a simplified mechanistic model. Experimental data originating from isothermal, constant heating rate and high resolution thermogravimetric analysis are used for rate parameter optimisation.
Introduction
In a previous paper, the degradation mechanism of poly(vinyl acetate) (PVAc) and poly(ethylene-co-vinyl acetate) (EVA) copolymers was experimentally studied by means of thermogravimetric analysis coupled with mass spectrometry (TGAe MS), differential thermal analysis (TGAeDTA), and solid-state 13 C NMR on partially degraded material [1] . In the present paper, these experimental results are used for the detailed study of the kinetics of the degradation of PVAc and EVA copolymers in inert and oxidative conditions according to a mechanistic approach.
Several ways to perform kinetic studies of the degradation of polymeric materials are known. TGA in combination with model-free methods is widely used [2e16] . In the Kissinger method, for example, the temperature at the maximum in the derivative weight loss signal (T m ) of experiments at different heating rates (b) is used. ln(b/T m 2 ) is plotted as a function of the reciprocal temperature and the slope is proportional to the activation energy E a of the degradation step, according to Eq. (1) [4e9].
Besides linear heating rates, also High Resolution TGA (Hi-Res TGA) data can be used for Kissinger kinetic evaluations. In Hi-Res TGA, the heating rate is continuously altered to maximise resolution, i.e., to optimally separate two closely occurring events. The heating rate b is adjusted to the observed reaction conversion rate (da/dt) by a function depending on three parameters: resolution, sensitivity, and initial heating rate, see Eq. (2) . For a chosen positive resolution, the heating rate b is slowed down with increasing degradation rate [10e16] . For a Kissinger evaluation of Hi-Res TGA data, Eq. (1) is applied with b the heating rate at the maximum degradation rate [15] .
A second model-free approach is the analysis of isothermal and linear non-isothermal TGA measurements by an isoconversional method, e.g., the FlynneWalleOzawa method. For constant heating rates, the activation energy (E a ) is determined from the slope of the logarithm of the heating rate (log b) versus the reciprocal temperature corresponding to a selected conversion degree a(1/T a ), according to Eq. (3). For isothermal analyses, the natural logarithm of the time to reach conversion a(ln t a ) is plotted versus 1/T, see Eq. (4) 
In Eqs. (3) and (4), C is a constant. The FlynneWalle Ozawa method leads to activation energies that can vary with a even for a single chemical degradation reaction.
Both types of model-free kinetic analyses have drawbacks. Degradation reactions occurring simultaneously within the same weight loss step cannot be evaluated by these methods. Also, it is impossible to compare the results of model-free kinetic analyses for materials like copolymers and composites, since specific interactions or reactions of additives cannot be taken into account. As a consequence, FlynneWalleOzawa and Kissinger kinetic data for polymer degradation are empirical and most indicative for one polymer measured in specific conditions.
Mechanistic models can be used to circumvent the disadvantages of the model-free kinetic methods [28, 29] . In a mechanistic model, a set of reactions or a reaction mechanism is defined, involving different species. The evolution of the concentration of all species is then calculated by integrating the set of coupled differential equations that originates from the reaction mechanism. Initial values for the rate parameters are needed and can be obtained using the Kissinger and FlynneWalleOzawa model-free methods or by trial and error. The model kinetic parameters are fine-tuned by a non-linear multiple parameter optimisation for a wide range of experimental conditions.
In this paper, a kinetic approach is proposed using a simplified mechanistic model for the degradation of poly(vinyl acetate) and poly(ethylene-co-vinyl acetate) copolymers. A degradation function based on a complete degradation scheme, as developed in Ref. [1] , is appropriate in this case. In the model, the degradation is described by the reactions of a minimum set of entities, as determined in Ref. [1] , rather than by each individual molecule formed during degradation. Data of TGA experiments with isothermal segments, constant heating rate and variable heating rate are used for the kinetic modelling.
Experimental
Poly(vinyl acetate) with a molecular weight of 100,000 g mol À1 from SigmaeAldrich was used as received. EVA-emulsions Airflex EN 1035 and Airflex EAF 60 (55 and 60% solids in water, respectively) from Air Products contain 73 and 60 wt% vinyl acetate in the polymer backbone and are denoted as EVA 73 and EVA 60, respectively. The solutions were casted and dried at 100 C. EVA copolymers Escorene UL00309, UL00319, and EL00333 from Exxon contain 9, 19, and 33 wt% vinyl acetate, and are denoted as EVA 9, EVA 19 and EVA 33, respectively. For all polymers, films with a thickness of 100 mm were pressed.
Thermogravimetry was performed using a TA Instruments Q5000IR TGA with a High Resolution TGAÔ (Hi-ResÔ TGA) option, with a balance purge flow of 10 ml min À1 and a sample purge flow of 25 ml min À1 . The sample size was 1.0 AE 0.2 mg and 50 ml platinum crucibles were used. The TGA results are shown as the variation of the sample mass (weight expressed in percent) versus temperature or time, or as a derivative weight loss curve corresponding to minus the derivative to temperature of the weight (der. weight in percent/ C). The evolution of the weight (expressed in percent) is calculated by Eq. (5).
With m t the mass at a certain reaction time t, m b the mass at the beginning and m e the mass at the end of a degradation step or steps. The degradation step can be one of the major steps of the degradation mechanism, i.e., the deacetylation of PVAc or EVA, the inert degradation of the polyene or the oxidative degradation of the polyene (see further Scheme 1). For Ozawa kinetic analysis, the weight (%) signal is recalculated into conversion (%) by Eq. (6).
Conversionð%Þ ¼ 100 À weightð%Þ ð 6Þ
Linear heating, isothermal, and High Resolution TGAÔ (Hi-Res TGAÔ) temperature profiles were used. Linear heating rates varied from 0.5 to 100 C min À1 within a temperature range of 200e650 C. Isothermal measurements were started by heating at 20 C min À1 to the desired isothermal temperature, which was kept constant until the weight remained stable (between 450 and 1200 min). When the Hi-Res TGA option was used, the resolution was varied from 1 to 5 with initial heating rates between 10 and 50 C min À1 (typically 20 C min À1 ); the sensitivity was set to unity. The in-house developed software package FITME, a program for mechanistic modelling, enables simulations and kinetic and thermodynamic parameter optimisations and is based on OPTKIN [30, 31] . Using a mechanistic kinetic model implies that the evolution of the concentration of all species is calculated as a function of time by integrating a (stiff) set of coupled differential equations for given initial conditions and a given temperature profile (usually the measured temperature profile during an experiment). This requires (estimated) initial values for the rate constants (pre-exponential factor and activation energy) of the reaction mechanism defined by the user. FITME can perform simulations and parameter optimisations for multiple experiments simultaneously. FITME uses as integration routine a 4th order semi implicit RungeeKutta method [32, 33] . The optimisation routine used [34] is based on a combination of three algorithms for finding the least square root: NewtoneRaphson, Steepest Descent and Levenberge Marquardt. As concentrations were expressed in mol kg À1 , the pre-exponential factors are expressed in s and kg mol À1 units.
Results and discussion
In Scheme 1, the degradation mechanism of poly(vinyl acetate) (PVAc) and poly(ethylene-co-vinyl acetate) (EVA) as proposed in Ref. [1] is shown. For the kinetic modelling, each polymer chain is considered as a combination of degrading monomer residues. This enables the study of, e.g., copolymers, the influence of different molecular weights (concentrations of endgroups), and cross-linking of a fraction of monomer.
The kinetics of the deacetylation process and the further degradation of the polyene are studied separately. Therefore the degradation is divided in two parts, as shown in Fig. 1 for PVAc. The division is made at the minimum in the first derivative of weight, indicated by the vertical line at 400 C. The horizontal line at 30.2 wt% indicates the expected weight percent after the complete loss of acetic acid in the deacetylation process.
The deacetylation of PVAc is an autocatalytic process, which can be described by a mechanism of three reaction steps, i.e., a non-catalytic deacetylation step, a catalytic deacetylation step, and a deactivation step of active double bonds. The latter is due to the encounter in the polymer backbone of chain ends, already deacetylated segments or deficiencies in the polymeric structure. Note that, as explained in Ref. [1] , the non-catalytic deacetylation reaction will be the only reaction step if the polymer backbone contains a sufficiently high molar fraction of ethylene residues. Indeed, almost no neighbouring vinyl acetate residues (vinyl acetate diads) are expected in EVA copolymers containing less than 50 wt% vinyl acetate [35, 36] . Since the mechanism of the deacetylation process is assumed to be identical in oxidative and inert conditions, the deacetylation reaction kinetics were optimised first in inert conditions and compared afterwards with results in oxidative conditions.
A. Deacetylation and formation of polyene

The non-catalytic deacetylation step
The non-catalytic deacetylation step was studied using EVA 9, EVA 19, and EVA 33. For these copolymers, no catalytic deacetylation reactions are expected as the number average sequence length of vinyl acetate units in the polymer backbone is estimated to be below 1.2 [36] . First, an initial value for the activation energy E a,nc of the non-catalytic deacetylation step was obtained by a Kissinger analysis of the deacetylation process. High-Res TGA measurements with an initial heating rate of 20 C min À1 were used, with resolutions from 1 to 5. In Fig. 2 , the derivative weight loss curve of EVA 33 in the temperature range of the deacetylation reaction is shown. In Fig. 3 , the corresponding Kissinger plot is depicted with an activation energy of 172.3 kJ mol À1 . Activation energies for EVA 9 and EVA 19 are 179. 8 and 196 .0 kJ mol À1 , respectively. The mean value of 183 kJ mol À1 was used as initial value for optimisation of E a,nc in the mechanistic model.
To obtain optimised kinetic parameters for the non-catalysed deacetylation reaction, a data set consisting of nine isothermal and 15 Hi-Res TGA measurements was selected, containing for each EVA copolymer three isothermal measurements at 290, 300, and 310 C and 5 Hi-Res measurements with an initial heating rate of 20 C min À1 and a resolution varying between 1 and 5. The pre-exponential factor A nc and activation energy E a,nc of the non-catalytic deacetylation step were optimised for all experiments simultaneously. In Fig. 4 , the TGA measurements and the corresponding simulations using optimised values of 177.5 kJ mol À1 and 12.7 for E a,nc and log A nc (s À1 ), respectively, are shown.
The catalytic deacetylation and deactivation step
The autocatalytic deacetylation of PVAc and EVA copolymers with high vinyl acetate content originates from the catalysing influence of a neighbouring double bond resulting from a previous elimination of acetic acid. The catalysing double bond is termed an active double bond and denoted as U act in Scheme 1. The catalysing influence is lost when the active double bond encounters a chain end, an already deacetylated segment or a deficiency in the polymer backbone such as an ethylene unit in the copolymer. These processes are denoted in Scheme 1 as a deactivation step transforming U act into UB.
As both the catalytic deacetylation and deactivation reaction of PVAc depend on the concentration of active double bonds U act (Scheme 1), these steps in the deacetylation mechanism are inherently connected and their four rate parameters need to be optimised simultaneously. Since model-free methods cannot be used to determine initial values in this case, they were chosen by trial and error. Several chosen sets of initial values converged to nearly identical optimised values for all rate parameters. This strategy is therefore regarded as reliable and leading to physically meaningful kinetic parameters. The parameters of the non-catalytic deacetylation (optimised in the previous section) were held constant. For the simultaneous optimisation of A cat , E a,cat , A deact , and E a,deact five Hi-Res TGA measurements with a resolution varying between 1 and 5 and an initial heating rate of 20 C min À1 and three isothermal TGA measurements performed at 290, 300 and 310 C were selected. In Table 1 , the optimised parameters of the non-catalytic deacetylation, catalytic deacetylation and deactivation steps are summarized.
In Fig. 5 , a very good correlation is seen between simulations with optimised parameters and TGA measurements for the inert deacetylation reaction of PVAc, even for a set of both isothermal and non-isothermal data.
As discussed in more detail in Ref. [1] , ethylene residues in the copolymer backbone result in a slower deacetylation process. Therefore, the deactivation reaction is expected to gain importance for EVA 73 and EVA 60. This is illustrated in Fig. 6 with isothermal and Hi-Res TGA measurements and the corresponding simulations (grey lines) using optimised rate parameters from the deacetylation of pure PVAc ( Table  1 ). The simulated rate of deacetylation is clearly overestimated, as deactivation occurs less frequent in PVAc than in the EVA copolymers. The rate of the deactivation process depends on the (co)polymer structure, hence, its rate parameters were individually determined for PVAc and for each copolymer (Fig. 6, black lines) . These optimisation results were obtained with constant rate parameters for the non-catalytic and catalytic deacetylation reactions and for E a,deact of the deactivation step, as the temperature dependence of the latter is expected to be independent of the fraction of ethylene residues. Thus, only A deact was optimised separately for each copolymer. log A deact increases from 13.4 for PVAc, to 13.9 for EVA 73, and to 14.3 for EVA 60 (Table 1 ). This indicates that the deactivation reaction in EVA 73 and EVA 60 is 10 0.5 and 10 0.9 times faster than in PVAc, respectively. Hence, the rate of the overall deacetylation process is decreasing accordingly. Moreover, incorporation of ethylene residues clearly reduces the autocatalytic nature of the deacetylation process (see also [1] , Fig. 9 ).
In Fig. 6 IV, the evolution of the concentration of active double bonds U act is simulated using the optimised rate parameter A deact for PVAc (grey lines) and for the two EVA copolymers (black lines). In all cases, the concentration of U act rises until more deactivation reactions occur than catalytic deacetylation reactions, resulting in a maximum in U act . At the start of deacetylation, the evolution of U act is similar. However, the maximum is reached earlier for both EVAs. Furthermore, the concentration of U act for both EVAs is at all times lower and the maximum of U act is lowest for EVA 60. These differences are due to a higher frequency of deactivation reactions for the copolymers, an effect which is most pronounced for EVA 60. It should be emphasized that the deactivation step in the mechanistic model is essential to quantify the kinetics of deacetylation for both PVAc and EVAs. For example, an optimisation was performed on the deacetylation of EVA 9, 19 and 33 using the autocatalytic degradation model used for PVAc, EVA 73 and EVA 60. For this optimisation only the log A of the deactivation reaction was optimised. While for EVA 60 a value of 14.3 is observed for log A, for the semi-crystalline EVAs log A evolves to 16 and more. This indicates that practically no catalysed reactions will occur, since all active species U act are directly deactivated. An identical correlation between experiment and simulation is obtained as for the optimisation of the deacetylation reaction of semi-crystalline EVA's as shown in Fig. 4 .
The degradation of deacetylated PVAc and EVA
Ozawa kinetic analyses were performed to quantify the degradation kinetics of PVAc after deacetylation (the start of the degradation step is indicated by the vertical line in Fig. 1) . Six experiments at constant heating rates were used in both inert and oxidative conditions. In Fig. 7 , activation energies per 10% conversion are given. R 2 values between 0.970 and 0.995 were obtained for all conversions. Activation energies for the inert chain scission reactions and for the oxidative degradation vary substantially with conversion, which again emphasizes the necessity for a more mechanistic approach to describe the kinetics of this degradation step.
Scheme 1B represents the inert degradation of the polyene formed out of PVAc and EVA with different vinyl acetate content VAc by chain scission reactions of both deacetylated vinyl acetate entities (or inactive double bonds) UB and ethylene entities E [1] . For rate parameter optimisation of these two reactions, TGA measurements of EVA 9, EVA 19, EVA 33, EVA 73 and PVAc at constant heating rates were used. Optimised rate parameters are shown in Table 2 . In Fig. 8 simulations are shown of the complete inert degradation of these (co)polymers using the optimised rate parameters for both deacetylation and chain scission reactions of Tables 1 and 2 . The lower the VAc content, the more the chain scission process evolves towards the degradation of E into aliphatic volatiles. The opposite is true with a higher VAc content, i.e., the degradation of UB into aromatic volatiles is dominant. Note that in the mechanism of Scheme 1B, no interactions were assumed between degrading UB and E entities.
Scheme 1C describes the oxidative degradation of PVAc and EVA (co)polymers, as proposed in Ref. [1] . The optimisation of the six kinetic parameters of the charring and degradation of the char in oxidative conditions is performed by means of four constant heating rate experiments (between 5 and 100 C min À1 ) for both EVA 73 and PVAc; all rates were optimised simultaneously. The EVA copolymers with lower weight percent VAc do not form a stabilised aromatic char and are therefore not considered in the study of the oxidative degradation [1] . The obtained pre-exponential factors and activation energies are shown in Table 2 .
In Fig. 9 , simulations are shown for the full oxidative degradation of PVAc and EVA 73 at different constant heating rates. The simulations of charring and oxidation of the char, using the optimised kinetic parameters of Table 2 , are in good agreement with the TGA experiments. The observed oxidative deacetylation reaction is accelerated versus simulations using kinetic parameters originating from the inert deacetylation process (Fig. 9, upper curves) . This illustrates a catalysing effect of oxygen on the overall deacetylation process. An optimisation was performed on the pre-exponential factors of the non-catalysed deacetylation reaction measured in oxidative conditions (Fig. 9 , lower curves). The kinetic parameters of the deactivation step were held constant since the inert or oxidative nature of the environment should not influence this process. The optimised parameters are shown in Table 1 . For both PVAc and EVA 73, log A nc rises.
Conclusions
The degradation kinetics of poly(vinyl acetate) and poly (ethylene-co-vinyl acetate) were reliably modelled using a simplified mechanistic degradation model. In these studies, isothermal, linear heating, and Hi-Res TGA experiments were used.
The rate parameters of the non-catalytic deacetylation reaction were optimised with EVA copolymers with low amount of vinyl acetate. These parameters were fixed for the optimisation of the rate parameters of the catalytic deacetylation and deactivation process for PVAc and EVA copolymers with high weight percent VAc. The deactivation reaction clearly gains in importance when more ethylene residues are incorporated in the polymer backbone, and is essential in the mechanistic model to quantify the kinetics of deacetylation. The deactivation step could be studied separately from the catalytic deacetylation by using PVAc of different low molar mass, thus changing the importance of the deactivation step in a controlled fashion.
After deacetylation, random chain scission reactions occur in inert conditions, whereas charring and decomposition of the char occur in an oxidative environment for PVAc and EVA with high weight percent VAc. Rate parameters for the chain scission reactions were optimised for a wide range of (co)polymer compositions. The oxidative degradation of PVAc and EVA 73 after deacetylation was modelled simultaneously. Oxygen catalyzes the non-catalytic deacetylation reaction. The complete set of optimised rate parameters, both in inert and oxidative conditions, can be used for the simulation of the full degradation path.
A major benefit of the mechanistic approach to determine the degradation kinetics of PVAc and EVA copolymers is the fact that, by the introduction of concurrent degradation steps, the proposed mechanism can be extended to describe the effects of flame retardants. This could be done, for example, by introducing a stabilising reaction of a flame retardant . The deacetylation is either described by rate parameters for inert (upper) or oxidative conditions (lower). Rate parameters for simulations are given in Table 1 (deacetylation) and Table  2 (charring and oxidation of char). species with the polymer into the degradation scheme and into the kinetic study. This extension is the subject of future work.
